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Abstract

The unique fusion toxin

VEGF1 2 1/rGel can specifically kill both log-phase and confluent vascular endothelial cells
expressing the KDR receptor for VEGF(PNAS 99:7866,2002) . We have discovered 22 unique genes
consistently upregulated in endothelial cells treated with VEGF 121 /rGel(confirmed by Western
and RT-PCR) .VEGF 12 1/rGel(i.v.) treatment had a dramatic cytotoxic effect in both orthotopic
and metastatic human breast tumor models. Against the orthotopic model, tumor growth was
significantly delayed by-50%. in addition, tumors completely regressed in 3/6 (50%) of
treated mice. In the metastatic breast model, treatment with VEGF. 21 /rGel reduced both the
number and area of lung foci by 58% and 50% respectively and we demonstrated VEGF 1 21 /rGel(by
IHC) on lung tumor vasculature but not normal vasculature. In addition, the number of blood
vessels per mm' in metastatic foci was 198 + 37 versus 388 + 21 for treated and control
respectively. Approximately 62% of metastatic colonies from the VEGF/rGel treated group had
<10 vessels/colony compared to 23% in the control group. The flk-l receptor on blood vessel
endothelium was intensely expressed on control tumors, but not expressed on treated tumors.
Metastatic foci had a 3 fold lower Ki-67 labeling index compared to control tumors. This
suggests that VEGF1 2,/rGel has impressive antitumor activity in breast cancer.
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Evaluation of Novel Agents Which Target Neovasculature of Breast Tumors

Introduction
Biological studies examining the development of the vascular tree in normal development

and in disease states have identified numerous cytokines and their receptors responsible for
triggering and maintaining this process (-7. Tumor neovascularization is central not only to the
growth and development of the primary lesion but appears to be a critical factor in the
development and maintenance of metastases (-12. For example, clinical studies in bladder
cancer (9) have demonstrated a correlation between micro-vessel density and metastases. In
addition, studies of breast cancer metastases by Fox et al. and Aranda et al (11-_12 have
demonstrated that microvessel count in primary tumors appears to be related to the presence of
inetastases in lymph nodes and micrometastases in bone marrow.

The cytokine vascular endothelial growth factor-A (VEGF-A) and its receptors Flt-
I (Receptor 1, RI) and KDR(Receptor 2, R2) have been implicated as one of the central
mediators of normal angiogenesis and tumor neovascularization (13-20). Up-regulation or over-
expression of KDR or VEGF-A have been implicated as poor prognostic markers in various
clinical studies of colon, breast and pituitary cancers (21-_-23). Recently, Padro et al (24) have
suggested that both VEGF-A and KDR may play a role in the neovascularization observed in
bone marrow during AML tumor progression and may provide evidence that the VEGF/KDR
pathway is important in leukemic growth particularly in the bone marrow.

For these reasons, there have been several groups interested in developing therapeutic
agents and approaches targeting the VEGF-A pathway. Agents which prevent VEGF-A binding
to its receptor, antibodies which directly block the KDR receptor itself and small molecules
which block the kinase activity of the KDR and thereby block growth factor signaling are all
under development (25-_3 7. Recently, our laboratory reported the development of a growth
factor fusion construct of VEGF121 and the recombinant toxin gelonin (38). Our studies
demonstrated that this agent was specifically cytotoxic only to cells expressing the KDR receptor
and was not cytotoxic to cells over-expressing the Flt-1 receptor. In addition, this agent was
shown to localize within tumor vasculature and caused a significant damage to vascular
endothelium in both PC-3 prostate and MDA-MB-231 orthotopic xenograft tumor models.

The current study seeks to extend our original observations describing the in vitro
biological effects of this novel fusion construct and we examined the effects of this agent in both
orthotopic and metastatic tumor models.

Progress Report Body:

Original SOW:

1. Establish In Vivo Activity of the VEGF12 1/rGel Fusion Toxin in the MDA-MB231
Tumor Models

Task 1: Radiolabeling
Numerous methods were employed initially to label the target protein. We settled on using
Bolton-Hunter reagent which generated the highest yield of material capable of specific binding
to purified, immobilized KDR receptor. Highly purified VEGF121/rGel was radiolabeled using
1251 with this reagent and the material was adjusted to a specific activity of 602 Ci/mMol.
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Task 2: Tissue Distribution
Mice bearing orthotopically-placed MDA-MB231 tumors were administered 4 pCi of
VEGF 121/rGel(i.v., tail vein). At 24 and 48 hrs after administration, groups of 6 mice were
sacrificed and various organs were excised, weighed and counted to determine I251 activity.

As shown in this figure, the highest Tissue Distribution of 125I-VEGF 121/rGeI in Nude
concentration of radiolabel was found in
kidney> liver>tumor> spleen. At Mice Bearing MDA-MB-231 Xenografts

48 hrs, the tissue:blood ratio 25-
in these organs increased .2 = 24 hrs
particularly for kidney and M 20-

tumor. The high levels found tY l 48 hrs
in kidney may be related to high 0 15-
levels of the fit- I receptor found F
in this organ. -10

0 -

Tissue

The pharmacokinetics of VEGF 121/rGel were additionally described using this
radiolabeled material. Balb/c mice were injected with 1 pCi of labeled material and at various
times after administration, groups of 3 mice were sacrificed and blood samples were removed
and centrifuged. Aliquots of plasma were counted to determine radioactivity and the results were
analyzed for conventional pharmacokinetic analyses using conventional mathematical
modeling(pK Analyst from MicroMath, Inc). As shown in the figure below, the VEGF121/rGel
cleared from plasma with initial and terminal half-lives of 0.3 and 6h respectively. Therefore this
agent has a relatively long half-life despite the significant uptake in kidney.
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Clearance of VEGF12 1/rGel From Plasma
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Task 3: Antitumor Effects-Orthotopic Model
Given the pharmacokinetic and tissue distribution data described above, we designed a

treatment schedule comprised of 5 injections spaced 48 hrs apart(10 day course). Using this
schedule, we delineated the Maximum Tolerated Dose as this schedule to be -40 mg/kg. The
effect of VEGF1 21/rGel administration on orthotopically-placed MDA-MB-231 tumor bearing
mice(6 per group) is shown in the Figure below. As shown, treatment significantly retarded
tumor growth. In addition, 3/6 mice in the treated group demonstrated complete disappearance of
the tumor compared to 0/6 in the saline-treated group.

Effect of VEGF121/rGel on Orthotopically Placed M DA-MB-231
Tumor Cells in Nude Mice

400 S

'E350 * Saline
E 3 VEGF121 /rGel (25mg/kg)"-300

E250

"0200
L-150 * * A0 li* l A A A A •

E100

50 AA A1A

0 I I I I I i

0 5 10 15 20 25 30 35 40

Day
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Task 4: Antitumor Effects-Metastatic Model
We evaluated the effect of VEGF12 1/rGel fusion toxin treatment on the growth of

metastatic MDA-MB-231 tumor cells in nude mice. Tumor cells (0.5x10 6 per mouse) were
injected i.v. and 8 days after innoculation, mice (6 per group) were treated 6 times either with
VEGF 121/rGel (100 ltg/dose) or free gelonin. Three weeks after treatment, mice were sacrificed
and the lungs were harvested and examined. The surface lung foci in the VEGF 121/rGel - treated
mice were reduced by 58 % as compared to gelonin control animals (means were 22.4 and 53.3
for VEGF1 2 1/rGel and control, respectively; p<0.05). The mean area of lung colonies from
VEGF 121/rGel-treated mice was also 50% smaller than control mice (210 ± 37 uim versus 415 +

10 gm for VEGF121/rGel and control, respectively; p< 0.01). In addition, the vascularity of
metastatic foci as assessed by the mean number of blood vessels per mm2 in metastatic foci was
significantly reduced (198 ± 37 versus 388 ± 21 for treated and control, respectively).
Approximately 62% of metastatic colonies from the VEGF 121/rGel-treated group had fewer than
10 vessels per colony as compared to 23% in the control group. The VEGF receptor(Flk-1) was
intensely detected on the metastatic vessels in the control but not on the vessels in the
VEGF] 21/rGel-treated group.

VEGF 121/rGel Localizes to Vasculature of
Breast Tumor Foci in the Lungs of Mice

VEGF,21/rGelI merge

Mice bearing MDA-MB-435s lung tumor foci were injected i.v. with 50 ýLg of
VEGF[ 21/rGel or 20ýtg of free rGel (only tissues from VEGF 12[/rGel injected mice are shown).
One hour later, mice were sacrificed and tissues excised. Lung sections were double-stained
using an anti-CD31 antibody and an anti-gelonin antibody to detect blood vessels (red) and
localized VEGF 121/rGel (green), respectively. Co-localization of the stains is indicated by a
yellow color. Free rGel did not localize to the vasculature of lung tumor foci (not shown). No
VEGF121/rGel staining was detected in any of the normal tissues examined (lung, liver, kidney,
heart, spleen, pancreas, brain).
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Frozen sections of lungs derived from VEGF 12 1/rGel- and rGel-treated mice bearing
MDA-MB-231 lung tumor foci were stained with a phosphorylated histone H3 antibody. The
number of tumor cells with phosphorylated histone H3 positive nuclei (mitotic cells) was
counted in five high power fields of tumor sections from five mice per treatment group. The
mean number per group ± SEM is presented and statistical significance was determined using the
student's t-test.

Metastatic foci present in lung had a 3-fold lower Ki-67 labeling number compared to
control tumors. These data strongly suggest that the anti-tumor vascular-ablative effect of
VEGF 121/rGel could be utilized not only for treating primary tumors but also for inhibiting
metastatic spread.

Task 5: Effects on Tissue Necrosis and Thrombosis:
Please note that a complete manuscript detailing the impressive anti-metastatic

effects of VEGF121/rGel in this breast tumor model is attached in the Appendix (The
Vascular-Ablative Agent, VEGF121/rGel, Inhibits Pulmonary Metastases of MDA-MB-231
Breast Tumors, by Ran et al (http://www.neoplasia.com/pdf/manuscript/neo04631.pdf).

Task 6: Effects on Vascular Permeability
Several studies have been performed to examine the effects of the VEGF[ 21/rGel fusion

construct on vascular permeability. We performed the initial assessment on vascular permeability
using 1251 labeled albumin exactly as described in the initial SOW. However, after several
studies, we were unable to demonstrate an effect on tumor vasculature despite several other lines
of histological evidence to the contrary. We therefore changed methodologies to assess in vivo
vascular integrity to utilize the Evans Blue dye. In this method, MDA-MB-231 tumor cells (2 X
106 ) are placed in the mammary fat pad and allowed to develop into palpable tumors. The mice
are treated with either VEGF121/rGel (40 mg/kg, QOD X 5) or saline and 24 hrs after the final
treatment, the mice are injected(i.v.) with 200 ýl of dye(20 mg/ml). After 0.5 hr, the mice are
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sacrificed, blood is collected and the mice are perfused with 5 ml of PBS/heparin. The various
tissues(including tumor) are harvested and weighed into glass test tubes. A sample(0.5 ml) or N-
N-DMF is added to each tube and allowed to incubate at room temp for 48 h. The concentration
of Evans Blue dye is assessed spectrophotometrically(A 630 ) against a standard curve for the dye.
The results are then expressed as either % of control or as ng dye/mg tissue.

Tissue Distribution of Evans
Blue Dye in Nude Mice Bearing

MDA-MB-231 Xenografts

1000
_0 900- Saline

7D800- VEGF 1 2 1 /rGel(D ID 700-
D' 600

cD, 500
,,, 400s

~j 300-

> 200 .100 .H.
0

Tissue

As shown in the figure above, we found a small(25%) but statistically-significant
increase in the vascular permeability in tumor tissue, normal spleen and kidney with a
concomitant small decrease(not statistically significant) in the vascular permeability of normal
lung tissue. Histology and pathology studies are currently ongoing to evaluate the effects of
VEGF1 21/rGel on normal tissues as a part of the pre-IND evaluation package on this agent and
these studies on vascular permeability may be evaluated in concert with observed effects on
histology. In addition, in this next (unfunded) year, we plan to extend these observations on
vascular permeability to evaluate the magnitude and timeline for these effects. We believe these
observations may be of critical importance in developing the timing of imaging studies for the
Phase 1/11 trial of this agent.
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Task 7: Effects on Tumor Hypoxia
These studies are presently ongoing at UT Southwestern. However, we present initial

studies with the construct. We treated mice bearing MDA-MB-231 tumors with saline, rGel of
VEGF/rGel every other day(i.v.) for 5 days. Twenty-four hrs after the last administration, the
animals were administered a dose of hydroxyprobe and the animals were then sacrificed and
tumor specimens were obtained and snap-frozen. Irmunohistochemical analyses were
performed to stain for regions of hypoxia. In addition, we stained for VEGFR2 and blood
vessels(MECA32). As shown in the figure below, we were unable to detect an increase in the
hypoxia staining with treatment with the fusion construct compared to PBS or treatment with
free rGel. Studies to repeat this experiment are ongoing.

Effects of Various Treatments on Tumor Hypoxia

PBSP

rGeI

VEGF 121 /rGel S

Task 8: Co-Culture of Endothelial Cells and MDA-MB231 Tumor Cells
We utilized the Falcon multi-well culture plates to culture the MDA-MB-231 tumor cells.

Suspended above these cells, we placed an insert containing log-phase PAE/KDR cells. The 2
cell lines are cultured in the same DMEM/F-12 growth media, so no adaptation was required.

Task 9: Studies of VEGF121/rGel Effects on Endothelial and Breast Tumor Cells
In the co-culture chambers, the 2 cell lines were treated with various doses of the

VEGF1 21/rGel fusion construct targeting the KDR receptor on endothelial cells. The MDA-MB-
231 cells lack this receptor and were not affected by the doses utilized. At various times after
drug administration, both cell lines were harvested, the RNA extracted and analyzed using the
Gene Chip as described to assess the impact of treatment on over 7,000 genes including proteins
involved in signal transduction, stress response, cell cycle control and metastasis. As shown
below, we demonstrate the cytotoxic effects of the fusion construct on endothelial cells. Initial
studies demonstrated that the initially-proposed PAE/KDR endothelial cells would be utilized,
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however, Gene Chip analysis showed no hybridization to isolated RNA samples.
Troubleshooting demonstrated that there is insufficient homology of the porcine cell RNA to that
of the human probes on the Gene Chip, therefore, HUVEC cells were substituted for this phase
of study. As shown below, HTUVECs showed specific cytotoxicity of the fusion construct
compared to rGel itself although the magnitude of the differential is lower than that of the
PAE/KDR cells.

Cytotoxicity of VEGF1 2,/rGel on HUVECs

100-
75 -• / "

S50-A
"IC

U25- VEGFI,1 /rGel 80 nM

A A rGel 450 nM
% 0- A

10-1 10, 10, 102 103 10 4 10,

Concentration (nM)

As shown below, extensive micro-array analyses were performed on breast tumor cells as
well as on endothelial cells as described in the original SOW. We identified a total of 22 unique
genes upregulated ( >2-fold in at least 3 out of 4 arrays) by treatment with VEGF 121/rGel. These
include genes involved in the control of cell adhesion, apoptosis, transcription regulation,
chemotaxis and inflammatory response. These micro-array data were confirmed using Western
analysis and RT-PCR and are further detailed in the attached manuscript(appendix) submitted to
the Journal of Biological Chemistry

Genes overexpressed in HUVECs by 24 hr treatment with VEGF121/rGel:
E Selectin (endothelial adhesion molecule 1)
Small inducible cytokine A2 (monocyte chemotactic protein 1)
Tumor necrosis factor, alpha-induced protein 3
Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha
Kinesin-like 5 (mitotic kinesin-like protein 1)
Small inducible cytokine A4
Jun B proto-oncogene
Nidogen 2
Prostaglandin-endoperoxide synthase 2
Dual specificity phosphatase 5
Small inducible cytokine subfamily A (Cys-Cys), member 11 (eotaxin)
Plasminogen activator, urokinase
Vascular cell adhesion molecule 1
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H2A histone family, member L
Small inducible cytokine A7 (monocyte chemotactic protein 3)
Spermidine/spermine Nl-acetyltransferase
Syndecan 4 (amphiglycan, ryudocan)
Chemokine (C-X-C motif), receptor 4 (fusin)
Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 (p10 5 )
Baculoviral IAP repeat-containing 3
Kruppel-like factor 4
Early growth response 1

All of the genes described above are known in the literature, however their association with
cytotoxic events related to toxins such as rGel and activity on endothelial cells was previously
unsuspected. To confirm these observations, these studies were repeated and RT-PCR was also
employed(figure below) to more closely assess the timelines for gene modulation. As shown
below, our RT-PCR essentially confirmed the upregulation of E-selectin, TNF AIP3, NFkB and
SCYA2 genes in control(C) versus treated(T) samples at 4 and 24 hrs after exposure which
confirms the results of the Gene Chip analysis of the 5 most highly upregulated genes.

Up-regulation of mRNA in HUVECs treated with VEGF 121/rGel

C4h T4h C24h T24h

GAPDH

E-SELECTIN

TNFAIP3

NFKBIA

SCYA2

C: No Treatment Controls

Task 10: Effects of VEGF121/rGel Exposure on Endothelial Cells Followed by Hypoxia
This past year, we performed extensive studies of the cellular response and concomitant

gene regulation of endothelial and tumor(MDA-MD-23 1) cells exposed to VEGF1 21/rGel.
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Modulation of gene expression was assessed using an mRNA micro-array analysis as described
in the Original SOW. We also looked at various times at the genes modified in tumor cells
treated with the construct in the presence of endothelial cells and under both hypoxic and
normoxic conditions as an approximation of intratumoral conditions in vivo. Tables 1-3 describe
the various genes upregulated and downregulated in both tumor cells alone and in co-culture
with endothelial cells exposed to VEGF121/rGel or VEGFI12 under both normoxic and hypoxic
conditions.
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TABLE 1

Change in Gene Regulation of MDA-MB-231 cells (> 3-fold)
Hypoxic Conditions

24h treatment with VEGF 121
Gene Designation Name Fold over Control
Upregulated
NM_006993 Nucleoplosmin/Nucleoplasmin 3 4.1
NM_003341 Ubiquitin-conjugating enzyme E2E 1 (UBE2E1) 4.0
NM_021939 FK506 binding protein 10 3.6

Downregulated
AK055846 Similar to Actin interacting protein 2 17.0
NM_000587 Complement component 7 5.3

24h treatment with VEGF]21/rGel
Upregulated

NM_003528 Histone 2, H2be 4.0
NM_000584 Interleukin 8 (IL-8) 3.7
NM_006993 Nucleoplosmin/Nucleoplasmin 3 3.7
NM_001875 Carbamoyl-phosphate synthetase 1 3.2
NM_021939 FK506 binding protein 10 3.1
NM_025195 Tribbles homolog 1 3.1

Downregulated
AK055846 Similar to Actin interacting protein 2 25.2
NM_000587 Complement component 7 4.6

24h treatment with VEGF1 21/rGel vs VEGF121
Upregulated
AL137326 Genomic DNA; cDNA DKFZp434BO650 5.8
NM_003528 Histone 2, H2be 4.8
NM_000584 Interleukin 8 (IL-8) 4.7
NM_002260 Killer cell lectin-like receptor subfamily C, member 2 3.9
NM_025195 Tribbles homolog 1 3.9

Downregulated
None observed
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TABLE 2

Change in Gene Regulation of MDA-MB-231 cells (> 3-fold) in Co-culture with PAE/KDR
cells under Normoxic Conditions

72h treatment with VEGF1 21
Upregulated
D86978 KIAA0225 8.4
ABO01915 NG,NG-dimethylarginine dimethylaminohydrolase 5.7
NM_018191 Regulator of chromosome condensation (RCC 1) and

BTB (POZ) domain containing protein 1 (RCBTB 1) 4.0
NM_004517 Integrin-linked kinase (ILK) 3.5

Downregulated
NM_032799 Zinc finger, DHHC domain containing 12 (ZDHHC12) 16.0
NM_005798 Ret finger protein 2 (RFP2), transcript variant 1 15.9
D87446 KIAA0257 13.5
AF038440 phospholipase D2 (PLD2) 6.5
AJ251973 Steerin-1 5.2
AL050041 Genomic DNA; cDNA DKFZp566L0424 4.4
NM_004391 Cytochrome P450 (CYP8B1) 4.0
NM 014736 KIAAO1O1 3.9
NM_002309 leukemia inhibitory factor (LIF) 3.6
NM_007150 zinc finger protein 185 (LIM domain) (ZNF185) 3.6
Y17456 LSFR2 3.5
NM_005597 nuclear factor I/C (NFIC) 3.5
AK025003 FLJ21350 fis 3.3
AF178669 p3 4  3.2
AK057059 Similar to K+ channel protein, beta subunit 3.0
NM_007076 Huntingtin interacting protein E (HYPE) 3.0

72h treatment with VEGF1 21/rGei
Upregulated
D86978 KIAA0225 8.8
AK024586 FLJ20933 fis 5.0
ABOO1915 NG,NG-dimethylarginine dimethylaminohydrolase 4.9
NM_018191 Regulator of chromosome condensation (RCC 1) and

BTB (POZ) domain containing protein 1 (RCBTB 1) 4.1
NM_024680 Likely ortholog of mouse E2F transcription factor 8 (E2F8) 3.3
NM_033084 Fanconi anemia, complementation group D2 (FANCD2) 3.0
NM_003937 Kynureninase (L-kynurenine hydrolase) (KYNUJ) 3.0

Downregulated
NM_032799 Zinc finger, DHHC domain containing 12 (ZDHHC12) 10.4
NM_003486 Solute carrier family 7, member 5 (SLC7A5) 5.4
NM_017801 Chemokine-like factor super family 6 (CKLFSF6) 4.8

15



NM_002621 Properdin P factor, complement (PFC) 4.8
AL122088 cDNA DKFZp564C0671 (from clone DKFZp564C0671) 4.8
NM_004207 Solute carrier family 16, member 3 (SLC16A3) 4.7
NM_015700 HIRA interacting protein 5 (HIRIP5) 4.5
AJ251973 Steerin- 1 4.2
NM_012155 Echinoderm microtubule associated protein like 2 (EML2) 4.1
NM__004295 TNT receptor-associated factor 4 (TRAF4) 4.0
NM 024111 MGC4504 4.0
AK025003 FLJ21350 fis 3.9
NM_007324 Zinc finger, FYVE domain containing 9 (ZFYVE9) 3.9
NM 144726 FLJ31951 3.8
NM_021158 Tribbles homolog 3 (TRIB3) 3.8
NM_002928 Regulator of G-protein signalling 16 (RGS 16) 3.8
NM_005717 Actin related protein 2/3 complex, subunit 5 (ARPC5) 3.7
NM 024567 FLJ21616 3.6
NM_003341 Ubiquitin-conjugating enzyme E2E 1 (UBE2E1) 3.6
NM_133436 Asparagine synthetase (ASNS) 3.6
NM_001348 Death-associated protein kinase 3 (DAPK3) 3.5
BC010350 TAF9-like RNA polymerase II, TATA box binding

protein (TBP)-associated factor 3.5
NM_130469 Jun dimerization protein 2 (JDP2) 3.4
NM_001517 General transcription factor IIH, polypeptide 4 (GTF2H4) 3.4
NM_003275 Tropomodulin 1 (TMOD1) 3.4
NM_033332 CDC14 cell division cycle 14 homolog B (CDC14B) 3.3
NM_007076 Huntingtin interacting protein E (HYPE) 3.1
NM_017816 FLJ20425 (LYAR) 3.1
NM_000050 Argininosuccinate synthetase (ASS) 3.1
ABO10067 RBP56/hTAFII68 3.1
X02160 Insulin receptor precursor 3.0

72h treatment with VEGF121/rGel vs VEGF121

Upregulated
NM_005798 Ret finger protein 2 (RFP2), transcript variant 1 10.7
D87446 K1AA0257 5.4
NM_001336 Cathepsin Z (CTSZ) 3.5
AK024586 FLJ20933 fis 3.2
NM_003548 Histone 2, H4 (HIST2H4) 3.1
NM_006290 Tumor necrosis factor, alpha-induced protein 3 (TNFAIP3) 3.1
NM_004454 Ets variant gene 5 (ets-related molecule) (ETV5) 3.1
NM_013282 Ubiquitin-like I (UiHRFI) 3.1
NM_002260 Killer cell lectin-like receptor (KLRC2) 3.1
NM_0147736 KIAAO1O1 3.1

Downregulated
NM_004207 Solute carrier family 16 (SLC 16A3) 5.7
NM_001282 Adaptor-related protein (AP2B 1) 5.1
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NM 144726 FLJ31951 4.5
NM_007324 Zinc finger, FYVE domain containing 9 (ZFYVE9) 4.3
NM_004295 TNF receptor-associated factor 4 (TRAF4) 4.0
M80899 AHNAK 3.7
NM_012155 Echinoderm microtubule associated protein like 2 (EML2) 3.3
NM 001517 General transcription factor Ill-, polypeptide 4 (GTF2H4) 3.3
NM 024111 MGC4504 3.2
NM_016333 Serine/arginine repetitive matrix 2 (SRRM2) 3.1
NM_014437 Solute carrier family 39 (SLC39A1) 3.1
NM_001348 Death-associated protein kinase 3 (DAPK3) 3.1
NM_003341 Ubiquitin-conjugating enzyme E2E I (UBE2E1) 3.1
NM_018113 Lipocalin-interacting membrane receptor (LIMR) 3.0
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TABLE 3

Chan2e in Gene Regulation of MDA-MB-231 cells (> 3-fold) in Co-culture with PAE/KDR
cells under Hypoxic Conditions

72h treatment with VEGF121
Upregulated
NM 032023 Ras association (RalGDS/AF-6) domain family 4 (RASSF4) 96.1
NM_024531 G protein-coupled receptor 172A (GPR172A) 8.0
AK001020 FLJ10158 fis 3.9

Downregulated
AF083386 Putative WHSC1 protein (WHSC1) 31.4
NM_015271 Tripartite motif-containing2 (TRIM2) 4.1

72h treatment with VEGF121/rGel
Upregulated
NM_016073 Hepatoma-derived growth factor, related protein 3 (HDGFRP3) 8.4
BC010926 Histone 1, H4h 7.6
NM_003543 Histone 1, H4h (HIST 1H4H) 4.3
L40326 Hepatitis B virus X-associated protein 1 4.0
AL049965 cDNA DKFZp564A232 (from clone DKFZp564A232) 4.0
R85474 Soares adult brain N2b4HB55Y 4.0
NM_005658 TNF receptor-associated factor I (TRAF1) 3.8
AP000557 genomic DNA, chromosome 22ql 1.2, BCRL2 region 3.8
NM_016113 Transient receptor potential cation channel (TRPV2) 3.7
BI462740 603202190F1 NIH _MGC_97 cDNA clone IMAGE:5268046 3.5
NM_004521 Kinesin family member 5B (KIF5B) 3.5
NM_014890 Downregulated in ovarian cancer 1 (DOC1) 3.2
NM_003452 Zinc finger protein 189 (ZNF1 89) 3.0
AB037770 KIAA1349 3.0

Downregulated
NM 144726 FLJ31951 4.8
NM_006874 E74-like factor 2 (ets domain transcription factor) (ELF2) 4.6
AK026965 FLJ23312 fis 3.7
NM_015271 Tripartite motif-containing 2 (TRIM2) 3.4
NM_001282 Adaptor-related protein complex 2, beta 1 subunit (AP2B1) 3.1

72h treatment with VEGF121/rGel vs VEGFI21
Upregulated
NM 016073 Hepatoma-derived growth factor, related protein 3 (HDGFRP3) 9.4
BC010926 Histone 1, H4h 8.0
NM_005658 TNF receptor-associated factor 1 (TRAFI) 5.1
NM_004521 Kinesin family member 5B (KIF5B) 4.7
NM_014890 Downregulated in ovarian cancer 1 (DOC1) 4.4
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BC015134 Clone IMAGE:3934391 3.7
L40326 Hepatitis B virus X-associated protein 1 3.6
AB037770 KIAA1349 3.2
NM_030965 ST6 (alpha-N-acetyl-neuraminyl-2,3 -beta-galactosyl-1,3)-N-

acetylgalactosaminide alpha-2,6-sialyltransferase 5 (ST6GALNAC5)3.1
NM_003452 Zinc finger protein 189 (ZNF 189) 3.1
NM_006807 Chromobox homolog 1(CBX1) 3.0
X07289 HF.10 3.0
NM_018137 HMT1 hnRNP methyltransferase-like 6 (HRMT1L6) 3.0

Downregulated
NM_032023 Ras association (RalGDS/AF-6) domain family 4 (RASSF4) 88.6
NM_024531 G protein-coupled receptor 172A (GPR172A) 8.9
NM 144726 FLJ31951 5.2
N•M_006874 E74-like factor 2 (ets domain transcription factor) (ELF2) 4.3
U57645 Helix-loop-helix proteins Id-I (1D-1) and Id-l' (ID-1) 4.2
NM_003341 Ubiquitin-conjugating enzyme E2E 1 (UBE2E1) 3.5
AK001020 FLJ10158 fis 3.3
NM 020353 Phospholipid scramblase 4 (PLSCR4), 3.2
NM_016518 Pipecolic acid oxidase (PIPOX), 3.2
NM_000484 Amyloid beta (A4) precursor protein (protease nexin-II,

Alzheimer disease) (APP) 3.1
NM_001282 Adaptor-related protein complex 2, beta 1 subunit (AP2B1) 3.0
AL163284 Chromosome 21 segment HS21C084 3.0

As shown in the tables above, both VEGFI 21 and VEGF 121/rGel induce and suppress a
different subset of genes on breast tumor cells, as expected. Treatment of breast tumor cells in
co-culture with endothelial cells with VEGF121/rGel for 72 hrs in hypoxic conditions appeared to
significantly downregulate(89 fold) Ras family protein and the G-coupled receptor 172A. In
contrast, histone 1 and hepatoma-derived growth factor-related protein 3(HDGFRP3) were both
highly upregulated. The effects of VEGF/rGel on MIDA-MB-231 tumor cells appears to be
significantly different under normoxic conditions was significantly different as shown in Table 2.
Both Ret finger protein 2 and KIA were upregulated while SLC16A3 and AP2BI were
downregulated in response to VEGF/rGel.

Original SOW Tasks still to be accomplished in the requested (no-cost) extension year
2005-2006:

Task 11: Confirmation of In Vitro Gene Chip Findings With PCR Analysis of Tumor
Samples

This information is critical to confirm our co-culture studies with actual data from
xenograft MDA-MB-231 models. We now have RT-PCR confirmation of the findings using the
Gene Chip analysis. This narrows the gene search and we can focus on the specific genes using
conventional RT-PCR in tumor xenograft specimens. In addition, we plan an extensive analysis
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to determine the temporal nature of these potential changes. This data will be critical for our
planned clinical trials of this agent in breast cancer patients and may allow a more complete
understanding of the molecular profile for cellular changes induced by this agent.

Task 12: Use of VEGF121/rGel in combination with chemotherapeutic agents against
MDA-MB231

We believe that combination of various modalities is critical to successful therapeutic
approaches. Recent impressive data presented at ASCO(2005) demonstrate the power of
combination of Herceptin antibody with conventional chemotherapy in an adjuvant setting in
breast cancer patients. Much of the design for the adjuvant study with Herceptin was derived
from combination therapy studies in xenograft models. Our original proposal SOW also included
a final task to perform combination studies of VEGF121/rGel with conventional agents. For the
original reasons outlined we plan to continue combination studies in this next year. We believe
this data may be eventually useful to identify potential synergistic/additive combinations for
eventual clinical trials.

Unanticipated, Novel Findings of related to VEGF1 21/rGel and This Proposal
Breast cancer metastases to bone are associated with significant morbidity and mortality.

Patients with advanced breast cancer experience frequent bone metastasis. However, the
pathophysiological processes leading to the development of breast skeletal metastases remains
poorly understood. Since breast skeletal metastases are essentially untreatable, improvements in
our understanding of the biological mechanisms behind breast cancer metastases to bone could
enhance the development of regimens to treat this disease. Therefore, we have initiated studies to
improve our understanding of the development of breast skeletal metastases by examining how
breast tumors remodel bone, which result in both osteoblastic and osteolytic lesions.
Osteoclastogenesis plays a central role in the development and maintenance of normal bone
tissue, which requires osteoblastic matrix deposition and osteoclastic resorption to be closely
coordinated. Interference with the process of osteoclastogenesis alters the kinetics of bone
remodeling resulting in abnormal bone development. There is general consensus that the
hematopoietically derived osteoclast is the pivotal cell in the degradation of the bone matrix.
Osteoclast pre-cursor cells have been shown to be recruited to the future site of resorption by
VEGF-A and RANKL, two cytokines that are expressed in the immediate vicinity of the bone
surface. In addition, both of the major receptors of VEGF-A have been observed in osteoclasts,
although some reports cite only the presence of Flt- 1. The VEGF-Flt- 1 interaction has been
implicated in the recruitment process of osteoclast pre-cursor cells from hematopoietic tissue to
the site of bone resorption. However, the role of each receptor, and its regulation, has yet to be
established.

It has been hypothesized that osteoclasts play a critical role in the establishment of
osteoblastic bone metastases by inducing bone resorption, which allows breast tumor cells to
invade the bone and therefore promote tumor growth. VEGF plays an important role in the
vascularization of bone tissues, as a mitogen for endothelial cells and as a chemo-attractant for
both osteoblasts and osteoclasts. Therefore, establishing the precise role that each VEGF receptor
plays in the maturation of osteoclast pre-cursor cells to osteoclasts is a critical step towards
understanding the interaction that occurs between breast tumor cells and the bone
microenvironment.
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Effect of VEGF 12 1/rGel and rGel
on Osteoclast formation

induced by RANKL
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Figure 1. Effect of VEGF121/rGel and rGel on RANKL-mediated osteoclast
formation. Raw 264.7 cells were cultured overnight in 24-well plates. Osteoclast
formation was induced by addition of 100 ng/ml RANKL with increasing concentrations
of VEGF121/rGel or rGel. Cells were allowed to differentiate for 96 hours followed by
determination of the number of osteoclasts per well. Each experiment was performed in
triplicate. The data shown is representative of three separate experiments. RANKL or
RANKL + rGel-treated Raw 264.7 cells differentiate into large multi-nucleated TRAP-
positive osteoclasts. In contrast, RANKL + VEGF121/rGel-treated cells do not
differentiate and do not stain for TRAP.

We have begun preliminary experiments examining the effect of VEGF[2[/rGel on osteoclast
formation in two model systems: (1) RAW 264.7 cells, cultured mouse osteoclast precursor cells
that differentiate into mature osteoclasts upon stimulation with RANKL and (2) Bone marrow-
derived macrophages (BMM), mouse primary cells that require stimulation with macrophage
colony stimulating factor (MCSF) followed by RANKL for differentiation into osteoclasts.
VEGF121/rGel dramatically reduces osteoclastogenesis of both RAW 264.7 (Figure 1) and bone
marrow-derived macrophages (Figure 2). Interestingly, a significantly lower concentration of
VEGF121/rGel is required to inhibit osteoclastogenesis in the primary bone marrow-derived cells
than in RAW264.7 cells.

Effect of VEGF12 1/rGel and rGel on RANKL-Induced Figure 2. Effect of

Osteoclast Formation in Bone Marrow-Derived VEGF 121/rGel and rGel on
Macrophage Cells RANKL-mediated osteoclast

formation in bone marrow-
a 1200 derived macrophages (BMM).
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0o 4 overnight in 24-well plates withcL 0 800

U MCSF. Osteoclast formation was
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, 400 RANKL with increasing
E concentrations of VEGF121/rGel"• 200z or rGel. Cells were allowed to
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by determination of the number of osteoclasts per well. Each experiment was performed
in duplicate. RANKL or RANKL ÷- rGel-treated BMM cells differentiate into large multi-
nucleated TRAP-positive osteoclasts. In contrast, RANKL + VEGF1 21/rGel-treated cells
do not differentiate and do not stain for TRAP.

Treatment of Raw 264.7 cells with VEGF1 21/rGei and rGel for24 hours

[VEGF2/rGell (nM) 10 - 100

[rGell (nM) - 1000 -

Primary Ab Yes Yes Yes No

SecondaryAb Yes Yes Yes Yes

Figure 3. VEGF 121/rGel is internalized into RAW 264.7 cells. One thousand RAW
264.7 cells were plated into chamber slides and cultured overnight. Cells were then
treated with VEGF121 /rGel and rGel for 24 hours. After the cell surface was stripped of
membrane-bound VEGF[ 21/rGel or rGel, non-specific binding sites were blocked with
5% BSA and cells were permeabilized. Cells were treated with rabbit anti-gelonin
(1:100) overnight followed by FITC-conjugated secondary antibody (1:80). Nuclei were
stained with Propidium Iodide (middle row). VEGF 121/rGel is specifically internalized
into RAW 264.7 cells (Column 1) as a 100-fold increase in rGel results in significantly
lower internalization. Columns 3 and 4 serve as negative controls without antigen or
primary antibody respectively.

We next examined whether the inhibition of osteoclastogenesis by VEGF12 1 /rGel is
mediated by entry of the molecule into the cell or solely by disruption via cell signaling, we
performed immunohistochemistry experiments on RAW 264.7 cells. Our results, shown in
Figure 3, indicate that VEGF[2 [/rGel is internalized into the osteoclast pre-cursor cells within 24
hours, and that the internalization is due to the presence of VEGF[ 2[, not gelonin. Thus, it is
likely that inhibition of osteoclastogenesis is mediated(at least in part) by one of the receptors for
VEGF121, Flt-1 (VEGFR-1) or Flk-1/KDR (VEGFR-2).
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Figure 4. Fit-1 levels are down-regulated during osteoclastogenesis. The osteoclast
precursor cell line RAW 264.7 cell line was cultured for 72 hours with MCSF with or
without stimulation with RANKL for 24, 48 and 72 hours. Total RNA was harvested and
subjected to PCR analysis using primers specific for Flk-1, Flt-1 and two isoforms of
VEGF-A(164 and 120). RAW cells do not express Flk-1 but do express levels of Flt-I
receptor at levels lower than that of HUVEC. PCR analysis also suggests that Flt-I is
expressed by RAW cells, and that these levels decline during RANKL-stimulated
osteoclastogenesis. RAW cells also express VEGF120 and VEGF164 isoforms, but not the
VEGFIS 9 and VEGF144 isoforms(not shown), (similar to MDA-MB-231 cells).

In order to understand whether the effect of VEGF121/rGel is receptor-mediated, we have
begun experiments to identify the presence of VEGF1 21 receptors, and their role during
osteoclastogenesis. This information is critical because the receptor target through which
VEGF121/rGel effects are mediated on osteoclasts is not known. This is significant because
VEGF121/rGel may inhibit breast cancer osteoblastic and osteolytic lesions in bone as a result of
osteoclastogenesis inhibition. We have identified the presence of Fit-1, but not Flk-1, in BMM
cells by PCR analysis (Figure 4). Interestingly, the levels of Flt-1 appear to decrease during
osteoclast formation. We will examine the role of Flt-I in this process by testing whether
VEGF121/rGel affects the level of Flt-1 during osteoclastogenesis, both by PCR and by Western
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blot. We also plan on performing co-culture experiments with breast tumor cells for the same
reasons.

Key Research Accomplishments
"* Described the Pharmacokinetics and Tissue Distribution of VEGF121/rGel to allow

rational development of an optimal therapeutic schedule on which to base both
murine and eventual clinical studies.

"* Described significant in vivo antitumor effects of VEGF1 21/rGel against
orthotopicially-placed breast tumor xenografts. Demonstrated complete regression
of primary orthotopic breast tumors in 50% of treated mice(3/6).

"* Identified significant vascular-ablative effects of VEGF121/rGel on breast metastatic
foci present in lung. Identified the impact this agent appears to have in suppressing
the development of tumor metastases by destruction of tumor vascular endothelium
and drug-induced downregulation of flk-1 receptors in tumor endothelium.

"* Identified a unique aspect of therapy using VEGF12 1/rGel in that lung metastases of
treated mice have virtually no vasculature and appear to grow to the approximate
limit of oxygen diffusion for avascular tissues.

"* Identified 22 unique genes associated with the development cytotoxic effects of the
rGel toxin component on vascular endothelial cells.

"* Confirmed the Gene Chip results via RT-PCR and Western analysis. Provided a
unique gene "fingerprint" for intoxication of cells by VEGF121/rGel which provides
information as to the exact molecular mechanism of action of this agent and may
provide a molecular rationale for combinations with other therapeutic agents.

"* Identified a unique set of genes upregulated and downregulated in MDA-MB-231
breast tumor cells co-cultured with endothelial cells in response to treatment with
VEGF121/rGel and under both normoxic and hypoxic conditions.

"* Provided significant rationale for continued pre-clinical development of
VEGF1 21/rGel as a vascular-ablative agent in breast cancer.

"* Described the unique ability of this fusion construct to inhibit skeletal tumor
metastases in vivo. The mechanism of action appears to be through direct inhibition
of normal osteoclast function which appears to be essential for bone remodeling in
the development of skeletal metastases.

"* Identified an unanticipated mechanism of action of this fusion construct which
indicates a role for VEGF in development of skeletal metastases.

Reportable Outcomes:

Abstracts:

1. Mohamedali K, Poblenz A, Sikes C, Luster T, Navone N, Thorpe P, Darnay B, Rosenblum
MG. The Vascular Targeting Agent VEGF121/rGel Inhibits Bone Remodeling and Skeletal
Metastases through a Unique Mechanism. AACR, Abstract# 4624, 2005 (See Appendices
#1).
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Manuscripts:

1. Mohamedali KA, Poblenz AT, Sikes C, Novone N, Thorpe P, Darnay B and Rosenblum M.
Inhibition of Bone Remodeling and Prostate Skeletal Metastases by the Vasulcar Targeting
Agent VEGF 121/rGel. Nature Medicine, submitted (See Appendices #2).

2. Ran S, Mohamedali K, Thorpe P, Rosenblum M. The vascular-ablative agent VEGF 121/rGel
inhibits pulmonary metastases of MDA-MB-231 breast tumors. Neoplasia 7(5):486-496,
2005 (See Appendices #3).

3. Lyu M-A, Kurzrock R, Rosenblum M. Targeting Human Pancreatic Tumor Cells with the
anti-HER-2/neu Immunocytokine scFv23/TNF. Molecular Cancer Therapeutics, submitted
(See Appendices #4).

4. Mohamedali K, Gomez-Manzano C, Ramdas L, Xu J, Cheung L, Zhang W, Thorpe P,
Rosenblum M. VEGF121/rGel fusion toxin targets the KDR receptor to inhibit vascular
endothelial growth in vitro and in vivo: specific effects assessed using microarray analysis.
Journal of Biological Chemistry, submitted (See Appendices #5).

Conclusions:
Vascular targeting as an approach to tumor therapy holds significant promise for the

treatment of solid tumors. However, many current approaches attempting to inhibit the
neovascularization process through small molecule inhibitors of VEGFR signaling, antibodies to
VEGF itself or to the VEGFR2 have not met with success. This is due in part to the multiply-
redundant and robust process which tumor vascularization represents. On the other hand, lethal
damage to tumor endothelium using the VEGF121/rGel fusion toxin is a comparatively unique
approach. This construct has remarkable and long-term antitumor effects in xenograft models as
opposed to other agents that have limited activity in their own right. Dr. Louise Gorchow, Head
of CTEP has indicated in a public presentation that the VEGF 121/rGel fusion toxin is one of a
very few agents with these properties. The data presented above and in the attached Appendix
demonstrates that this agent can reduce the growth of both orthotopic breast tumors and can
significantly limit the metastatic spread of a breast metastatic model. In addition, the lung
metastases that do survive appear to have a much lower vascular supply and a limited tumor cell
turnover rate suggesting a reduced growth and metastatic potential. No other vascular targeting
agents have thus far demonstrated such unique effects in an in vivo model. Of interest will be to
examine the impact this fusion toxin will have on survival in this metastatic model. In addition,
our findings examining the mechanism of direct action of the fusion construct on endothelial
cells has significance in more exactly understanding how toxins work at the molecular level and
may be an important first step in understanding how to more effectively employ these agents for
therapeutic advantage. Furthermore, the importance of understanding how vascular targeting
agents affect tumor cells indirectly may also have therapeutic significance in understanding the
rationale for combinations of these vascular targeting agents with conventional chemotherapeutic
agents, or with radiotherapeutic or biological agents. Finally, we have identified that
development of breast tumor skeletal metastases apparently require VEGF and the VEGF-
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receptor pathway. Our studies have demonstrated that the VEGF121/rGel fusion construct can
significantly inhibit skeletal metastases through a unique inhibition of osteoclast maturation and
function in vitro and probably in vivo. This suggests that the VEGF 121/rGel fusion construct may
therefore be useful for the prevention and treatment of skeletal metastases in breast cancer and
perhaps for skeletal metastases in other types of cancers as well.
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Abstract

The pathophysiological processes underlying the development of skeletal

metastases remain incompletely understood and these lesions respond poorly to

therapeutic intervention. Vascular endothelial growth factor A (VEGF-A) and its

receptors are known to play a role in both osteoclastogenesis and in tumor growth. We

previously described a fusion toxin composed of VEGF1 21 and the toxin gelonin and its

ability to target cells overexpressing VEGF receptors. Systemic treatment of nude mice

bearing skeletal prostate (PC-3) tumors with VEGF12 1/rGel dramatically inhibited the

growth of prostate bone metastases and 50% percent of treated mice demonstrated

complete regression of bone tumors with no development of lytic bone lesions.

Immunohistochemical analysis additionally demonstrated that VEGF 121/rGel treatment

suppressed tumor-mediated osteoclastogenesis in vivo. In vitro treatment of murine

osteoclast precursors obtained from either bone marrow or cell lines (RAW264.7)

revealed that VEGF 121/rGel was selectively cytotoxic to osteoclast precursor cells rather

than mature osteoclasts. Maturation of precursor cells by treatment with RANKL

resulted in down-regulation of Flt-1 receptors and resistance to the cytotoxic effects of

VEGF121/rGel. Analysis by flow cytometry and RT-PCR showed that both bone marrow-

derived monocytes (BMM) and RAW264.7 cells both display high levels of Flt-1 but low

levels of Flk-1 receptors for VEGF. Internalization of VEGF121/rGel into osteoclast

precursor cells was suppressed by pre-treatment with an Flt-l neutralizing antibody or by

PIGF, but not with an Flk-1 neutralizing antibody. VEGF121/rGel not only inhibits

neovascularization of tumor bone lesions, but also inhibits osteoclast

maturation/recruitment in vivo and it appears that both processes are important in the



resulting suppression of skeletal osteolytic lesions. This is a novel and unique mechanism

of action for this class of agents and suggests a potentially new approach to treatment or

prevention of skeletal metastases. In addition, these data demonstrate that VEGF121/rGel

is a useful probe to investigate the role of VEGF and its cognate receptors in the

development of skeletal metastases.



Introduction

Osteoclastogenesis differentiation and activation plays a central role in the

development and maintainence of normal bone tissue, which requires osteoblastic matrix

deposition and osteoclastic resorption to be closely coordinated (for review, see ').

Interference with the process of osteoclastogenesis alters the kinetics of bone remodeling

2-5resulting in abnormal bone development . There is general consensus that the

hematopoietically-derived osteoclast is the pivotal cell in the degradation of the bone

matrix 6 and stimulation of osteoclastic bone resorption is the primary mechanism

7-9responsible for bone destruction in metastatic cancer

The progression of osteolytic metastases requires the establishment of close

functional interactions between tumor cells and bone cells .2. Osteoclast precursor cells

may be stimulated to differentiate or activated directly by tumor-secreted soluble factors

such as GM-CSF, M-CSF, interleukins, TGF-[3 and VEGF among others7' 9'13-15. The

secretion of some of these factors by cancer cells regulates expression of RANKL on the

surface of stromal osteoblasts, thereby increasing osteoclast-mediated bone resorption1 6 '1 7

While there is now little doubt that the VEGF-A cytokine family has an essential

role in the regulation of embryonic and postnatal physiologic angiogenic processes, their

role in skeletal growth, endochondral bone formation and differentiation of osteoclast

pre-cursor cells is substantially less well-understood. Osteoclast pre-cursor cells have

been shown to be recruited to the future site of resorption by VEGF-A and RANKL, two

cytokines that are expressed in the immediate vicinity of the bone surface'9. VEGF

mRNA is expressed by hypertrophic chondrocytes in the epiphyseal growth plate,

suggesting that a VEGF gradient is needed for directional growth and cartilage invasion



by metaphyseal blood vessels20 . Treatment with a soluble VEGFR-1 antibody to block

VEGF results in almost complete suppression of blood vessel invasion and impaired

20trabecular bone formation , a development that is reversed by cessation of the anti-

VEGF treatment. A similar phenotype is observed when Vegf is deleted in the cartilage

of developing mice by means of Cre-loxP-mediated, tissue-specific gene ablation 21. In

addition, examination of VEGF 211120 mice shows delayed recruitment of blood vessels

into the perichondrium as well as delayed invasion of vessels into the primary

ossification center, indicating a significant role of VEGF at both early and late stages of

22cartilage vascularization

VEGF plays an important role in the vascularization of bone tissues23,24; increases

osteoclast-mediated bone resorption 2526; induces osteoclast chemotaxis and recruits

osteoclasts to the site of bone remodeling 9,27; and can partially rescue M-CSF deficiency

26in op/op mice

While VEGF receptors have been the increasing focus of attention as therapeutic

targets, both by US 28' 2 9 and others30-32, the context has usually been in terms of vascular

targeting and anti-angiogenic therapy. The VEGF receptors Flt-1/FLT-1 (VEGFR-1) and

Flk-1/KDR (VEGFR-2) are over-expressed on the endotheliurn of tumor vasculature33-39

including lung, brain, breast, colon, prostate, skin and ovarian cancers. In contrast, these

receptors are almost undetectable in the vascular endothelium of adjacent normal

tissues4° and, therefore, appear to be excellent targets for the development of therapeutic

agents that inhibit tumor growth and metastatic spread through inhibition of tumor

neovascularization.



Both of the major receptors of VEGF-A have been observed in osteoclasts20,26,41

although some reports cite only the presence of Fit- 141,4. The VEGF-Flt-1 interaction

has been implicated in the recruitment process of osteoclast pre-cursor cells from

hematopoietic tissue to the site of bone resorption 4143,44. However, the role of each

receptor, and its regulation, has yet to be established. Osteoclasts play a critical role in the

establishment of osteoblastic bone metastases by inducing bone resorption, which allows

cancer cells to invade the bone and therefore promote tumor growth. Therefore,

establishing the precise role that each VEGF receptor plays in the maturation of

osteoclast pre-cursor cells to osteoclasts is a critical step towards understanding the

interaction that occurs between tumor cells and the bone microenvironment.

We previously developed and characterized a novel growth factor fusion construct

composed of VEGF121 and the highly cytotoxic plant toxin gelonin (rGel) 29. Our

previous studies have demonstrated an impressive vascular targeting and vascular

ablative activity of VEGF12 1/rGel against tumor neovasculature in a variety of soft-tissue

tumor xenograft models. In the current study, we used the VEGF1 2[/rGel fusion toxin to

inhibit growth of tumor cells in a prostate cancer skeletal metastasis model and as a probe

to investigate the role of VEGF and its cognate receptors in the development of skeletal

metastases.



Results

VEGF 121/rGel inhibits growth of intrafemoral PC-3 tumors and reduces the number

of tumor-induced osteoclasts.

The anti-tumor effect of the fusion protein VEGF121/rGel was evaluated in a

prostate cancer bone model by injecting PC-3 tumor cells into the distal epiphysis of the

right femur of athymic nude mice. The mice were treated every other day (five total

treatments) with a total dose of 45 mg/kg of VEGF1 21/rGel or saline. Tumor growth was

monitored by X-ray analysis and animals with large osteolytic lesions or bone lysis were

sacrificed. One hundred percent (100%) of tumor-innoculated mice treated with saline

developed osteolytic lesions (Fig. la, left panels) and 50% survival occurred 40 days

after tumor placement (Fig. ib). In contrast, treatment with VEGF 121/rGel resulted in

suppression of intrafemoral growth of tumor osteolytic lesions as assessed radiologically

(Fig. l a, right panels) and 50% of the VEGF 121/rGel-treated mice survived past 140 days

without sign of osteolysis (Fig. Ib). H&E staining showed nests of PC-3 cells in bone

marrow of mice treated with saline (Fig. Ic, top panel) and isolated pockets of PC-3 cells

in some bone marrow sections from VEGF121/rGel-treated mice (Fig.1c, arrows, middle

panel), as well as bone sections without any visible tumor cells from mice treated with

VEGF 121/rGel (Fig. 1c, bottom panel).

We next examined PC-3 tumor cells to identify whether the observed

VEGF1• 1/rGel-mediated inhibition of PC-3- induced osteolysis was a direct effect on the

tumor cells. As shown in Fig 2a, the VEGF121/rGel fusion construct was not specifically

cytotoxic to tumor cells compared to the rGel toxin alone suggesting that these cells



express an insufficient number of VEGF receptors to mediate specific VEGF121/rGel

cytotoxicity. This was confirmed by RT-PCR analysis (Fig. 2a, inset).

Immunohistochemical analysis of tissue sections for osteoclasts (TRAP staining)

revealed a dramatic increase in the number of osteoclasts in the tumor-bearing leg of

mice treated with saline (Fig. 2b). In contrast, bone sections of VEGF12 1/rGel-treated

mice showed the same number of osteoclasts as those present in the contralateral (control)

leg, suggesting that VEGF121/rGel may play a role in inhibiting tumor-mediated

osteoclast proliferation and/or differentiation.

VEGF]21/rGel affects osteoclast pre-cursor cells but not terminally differentiated

osteoclasts

To understand the effect of VEGF1 21/rGel in the bone microenvironment and test

ifVEGF1 21/rGel may be directly targeting osteoclast pre-cursor cells in vivo, we next

evaluated the effect of VEGF1 21/rGel on RANKL-induced osteoclast differentiation of

RAW264.7 cells and bone marrow-derived monocytes (BMM) in vitro. Treatment with

increasing concentrations of VEGF121/rGel, but not rGel, showed a dramatic decrease of

TRAP+ multi-nucleated osteoclasts in both RAW264.7 (Fig. 3a and 3b) and BMM (Fig.

3d and 3e) cells. The observed effect was not mediated by either VEGF121 or gelonin

alone but is a characteristic unique to the combined fusion protein. The IC50 of

VEGF1 21/rGel on undifferentiated RAW264.7 cells was 40 nM compared to 900 nM for

rGel, indicating that the cytotoxicity of VEGF1 21/rGel was mediated through VEGF121

and suggested the presence of a receptor recognizing VEGF[21 (Fig. 3c). Similar to the

RAW264.7 cells, the IC 50 of VEGF121/rGel (8 nM) on undifferentiated BMM cells was



substantially lower than that of rGel (Fig. 4f, exact ICs0 not determined). VEGF121/rGel

demonstrated a greater cytotoxic effect on BMM compared to undifferentiated

RAW264.7 cells. In addition, we observed that VEGF121/rGel, but not rGel, inhibited the

M-CSF-dependent survival of monocytes (data not shown). Thus, VEGF1 21/rGel not

only inhibited RANKL-mediated differentiation of osteoclast precursors, but also

exhibited cytotoxicity towards undifferentiated cells in a targeted manner.

The observed inhibitory effect of VEGF 121 /rGel on osteoclastogenesis could be

due to a reduced density of osteoclast progenitor cells. Insufficient number of osteoclast

progenitor cells may lead to impaired contact between committed progenitors, leading to

inability to form multi-nucleated osteoclasts. We next investigated the susceptibility of

primary mouse monocytes and their terminally differentiated counterparts to

VEGF[ 21/rGel cytotoxicity. BMM cells were treated with VEGF/rGel or rGel at various

times after RANKL stimulation. Cells treated with VEGF] 21/rGel simultaneously with

RANKL stimulation showed a dose-dependent inhibition of osteoclastogenesis (Fig. 4a, b

and d) as described above. However, osteoclastogenesis proceeded normally if BMM

cells were allowed to differentiate for 60 h prior to the addition of VEGF1 21 /rGel (Fig. 4c

and d). The apparent cytotoxicity of VEGF121/rGel to osteoclast pre-cursor cells but not

to mature osteoclasts was further investigated by adding VEGF121/rGel at different time

points after RANXL stimulation of both RAW264.7 and BMM cells (Table 1). The

increase in the IC5 0 of VEGF121/rGel corresponded to the length of time following

RANKL stimulation of both RAW264.7 (Table la) and BMM (Table Ib) cells. In

RAW264.7 cells, the IC 5 0 of VEGF 121/rGel increased from 30 nM when added

simultaneously with RANKL to 300 nM when added 96 h after RANKL stimulation,



whereas the IC50 of rGel did not change significantly. The change in IC 50 of

VEGF 121/rGel on BMM cells was more dramatic, increasing from 8 nM to 100 nM if

VEGF121/rGel was added 24 h post RANKL stimulation. Addition of VEGF1 21/rGel 48 h

post RANKL stimulation increased the IC 5 0 to > 400 nM.

VEGFp12/rGel but not rGel is internalized into RAW264.7 cells and BMM cells

through a specific mechanism

Based on our previous studies, specific VEGF-driven cytotoxicity is receptor-

dependant and we next examined by immunostaining whether VEGFJ21/rGel was

delivered into the cytoplasm of the osteoclast pre-cursor cells. VEGF] 21/rGel, but not

rGel, localized in the cytoplasm of RAW264.7 cells and this internalization data is

consistent with our studies on the cytotoxic effect of this agent (Fig. 5a). We assessed if

internalization of VEGF1 21/rGel was mediated by a VEGF receptor by examining by

Western blot analysis if VEGF121/rGel activated pp44/42, a known down-stream target of

VEGF receptor activation. Treatment withVEGF 121/rGel resulted in similar activation of

pp44/42, as did treatment with equimolar amounts of VEGF1 21 alone (Fig. 5b). rGel did

not induce stimulation of pp44/42, indicating that the effect of VEGF1 21/rGel is mediated

by a VEGFI 21 receptor, rather than a non-specific mechanism (Fig.5b). Treatment with

P1GF, an Flt- I-specific ligand, resulted in pp44/42 activation underscoring the presence

of this receptor on the surface of osteoclast pre-cursor cells.



RAW264.7 and BMM cells express Fit-i

Because VEGF 121/rGel cytotoxicity on both RAW264.7 and BMM cells appears

to be mediated by receptors for VEGF121, we determined the levels of Flk-1 and Flt-i in

these cells. RT-PCR analysis indicated low levels of Flt-1, but no Flk-1 transcript, in

RAW264.7 cells (Fig. 6a, lanes 1-3). Western blot analysis of RAW264.7 cells

confirmed this observation (Fig. 6b). FACS analysis indicated that 99% of the

.RAW264.7 cells expressed Fit-i (Fig. 6c) and 8% expressed Flk-l (Fig. 6d). RT-PCR

analysis of BMM cells showed an amplification of both Flt-1 and Flk-1 (Fig. 6a, lanes 4-

6) and FACS analysis showed that 41.9% of the CD1 lb positive BMM cells expressed

Flt-i and 5.4% expressed Flk-1 (Fig. 6e-g). RT-PCR analysis of BMM cells following

stimulation of RANKL-mediated osteoclastogenesis showed no change in the levels of

Flk-1, but treatment appeared to downregulate the Flt-1 transcript (Fig. 6h). RT-PCR

analysis of mVEGF isoforms detected low levels of VEGFI 64 and VEGF120 transcript but

no VEGF1 SS (data not shown). The downregulation of Flt-i mRNA in BMM cells

following stimulation of osteoclastogenesis by RANKL was confirmed by testing

samples at different cycles of the RT-PCR analysis (data not shown) and further validated

by densitometric analysis as described in Methods. All bands were individually

compared to its internal GAPDH standard loaded in the same fashion in order to

normalize the data. Flk-1 did not show a significant change in expression 96 h post

RANKL stimulation whereas Fit-I did exhibit a down-regulation of 3.4 fold 96 h post

RANKL stimulation compared to untreated BMM (Fig. 6i).



Localization of VEGF 121/rGel into RAW264.7 and BMM cells may be mediated by

Fit-i

To determine the role of VEGFI 21 receptors in VEGF1 21/rGel-mediated

cytotoxicity of osteoclast precursor cells, we pre-incubated RAW264.7 and BMM cells

with neutralizing antibodies to Flt-I and Flk-1 for one hour prior to addition of

VEGF 121/rGel, and monitored internalization of VEGF121/rGel. Pretreatment of

RAW264.7 cells and BMM cells with neutralizing antibodies to Flt-1, but not Flk-1

inhibited the localization of VEGF121/rGel into these cells (Fig 7a). We assessed the role

of each receptor in VEGF121/rGel -mediated cytotoxicity by pre-incubating RAW264.7

and BMM cells with Flt-1 or Flk-1 neutralizing antibodies or with PIGF for lh prior to

the addition of VEGF121/rGel. PIGF was able to inhibit the VEGF[2 1/rGel-mediated

cytotoxicity in both RAW264.7 and BMM cells (Fig. 7b). Taken together, this indicates

that the Flt-1 receptor, but not the Flk-1 receptor, is responsible for mediating

VEGF 121/rGel- induced cytotoxicity in osteoclast progenitor cells.


